We demonstrate electrically pumped laser light emission in the visible ͑red͒ spectral range using self-assembled InP quantum dots embedded in a microcavity mesa realized by monolithically grown high-reflectivity AlGaAs distributed Bragg reflectors. We used common semiconductor laser processing steps to fabricate stand-alone index-guided vertical-cavity surface-emitting lasers with oxide apertures for optical wave-guiding and electrical current constriction. Ultra-low threshold of around 10 A / cm 2 and room temperature lasing were demonstrated. Additionally, the temperature independence of the threshold current, which was predicted in theory for quantum dot lasers, is displayed.
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High-quality solid-state emitters have proven to be very attractive light sources. Beyond Fabry-Pérot semiconductor resonators, microdisk structures 1 and photonic-crystal microcavities, vertical-cavity surface-emitting lasers ͑VCSELs͒ ͑Ref. 2͒ provide ultra-low threshold operation even in the submilliampere regime 3 and high-speed modulation capability. Additionally, the easy coupling to optical fibers and onwafer processing are attractive features. For a laser device with low threshold current, it is essential to decrease the pumped mode volume by using an oxide aperture above the cavity 4 and thereby decreasing the active volume for lowest power consumption. By using zero-dimensional quantum dots ͑QDs͒ as the active medium of semiconductor lasers, theory has predicted splendid properties compared to higher dimensional media, 5, 6 such as low thresholds and broader gain spectra. In the In͑Ga͒As/GaAs material system, laser physics and development have reached a high level and are best understood. 7 In Ref. 3, the authors showed low threshold current densities J th of around 113 A / cm 2 for micropillar lasers in the InGaAs/GaAs material system with a QD density of 5 ϫ 10 9 cm −2 . World record transparency current density value of 6 A / cm 2 for one QD layer with a QD density of 1 ϫ 10 11 cm −2 in the InGaAs/GaAs material system was reached by the authors in Ref. 8 . It is also preferable to fabricate QDs at shorter wavelengths as active emitters for on-board optical interconnects and polymer optical fiber ͑POF͒ applications as common avalanche photodiodes have their highest photon detection efficiency in the red spectral range. However, for any kind of data communication via POF, transmission in the spectral window around 650 nm is desirable. 9 For adequate usage of the laser, operation at room temperature and above is required. Quantum well VCSELs in the same spectral region and GaInP/AlGaInP material system exhibit low J th values in the range of around 2 kA/ cm 2 at 293 K. 10 For InP/GaInP QDs as active layer for edgeemitting lasers, J th values of around 288 A / cm 2 at 90 K were reached.
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In this letter, we report on electrically pumped InP QDs embedded in a microcavity p-i-n diode structure showing laser action at 290 K. The effect of oxide-aperture diameter on the appearance of optical transverse modes is also investigated. Furthermore, we show the temperature dependent J th being nearly constant as predicted from theory. 6 The sample structure was fabricated by metal-organic vapor-phase epitaxy ͑MOVPE͒ with standard sources at low pressure ͑100 mbar͒ on ͑100͒ GaAs substrates oriented 6°t oward the ͓111͔A direction. The n-type distributed Bragg reflector ͑DBR͒ consists of 45 / 4 pairs of Al 0.50 GaAs: Si/ AlAs: Si grown at 750°C. The single layer of self-assembled InP QDs was grown using the StranskiKrastanow growth mode 12 by depositing 2.1 ML of InP at 650°C and a growth rate of 1.05 ML/s. The QDs were fabricated on ͑Al 0.20 Ga 0.80 ͒ 0.51 In 0.49 P as barrier material in the center of a one-wavelength-thick ͑Al 0.55 Ga 0.45 ͒ 0.51 In 0.49 P cavity spacer which is lattice matched to GaAs. 13 The growth was interrupted for 20 s directly after the deposition of the QDs in order to ripen the QDs. Atomic force microscope measurements were used to determine the surface density of the QDs ͑5.5ϫ 10 10 cm −2 ͒. To form a current aperture for electrical pumping, an Al 0.98 GaAs oxidation layer was inserted above the cavity. The oxide aperture leads to a number of QDs from 5 ϫ 10 3 to 1 ϫ 10 5 lying spatially under the respective aperture opening while the pumped volume is expected to be larger due to current spreading between the active region and the current constriction layer. Later on, the three investigated VCSELs are labeled according to their size of oxide aperture diameter as follows: VCSEL 1 ͑15.7 m͒, VCSEL 2 ͑9 m͒, and VCSEL 3 ͑2 ϫ 5.7 m, minor and major axis of the elliptical aperture͒. The unintentional elliptical shape of the oxide aperture of VCSEL 3 is a result of small imperfections of the processing technology. For VCSELs, the gain region is very short requiring high reflective mirrors to reach threshold. With these DBRs, high quality factors and thus long photon lifetimes within the cavity are achieved. A strong carrier confinement due to an increased barrier height helps to confine carriers in the dots and minimize possible leakage current which would cause an additional internal temperature rise. A p-type top DBR consisting of 36 / 4 pairs of Al 0.50 GaAs: C / Al 0.95 GaAs: C with linearly graded interfaces grown at 750°C finalized the microcavity. 14 The temperature change during the QD growth does not affect the growth of the top DBR. 15 The cavity was designed to have a normal-incidence cavity resonance at around 1.9 eV at 290 K. The complete growth was in situ monitored by LayTec's EpiR-M in situ reflection measurement setup. 16 The mesa microcavity was also investigated using a scanning electron microscope ͑SEM͒, as shown in Fig. 1͑a͒ . A scheme of our device layout is shown in Fig.  1͑b͒ . Postgrowth standard lithography, wet oxidation, and evaporation of ohmic contacts were used to fabricate single devices. A ring contact with 20 m opening window was used for current injection through the upper DBR.
Temperature-dependent electroluminescence ͑EL͒ experiments were performed using a related setup as described in Ref. 15 . A direct current ͑dc͒ power source was used as the electric pump source.
An overview spectrum in Fig. 2͑a͒ shows the laser emission line at 290 K due to the cavity resonance positioned at 1.9 eV for VCSEL 1 which is blue detuned with respect to the QD ensemble. A high spectral resolution EL measurement of the above mentioned sharp laser line reveals a large number of higher transverse modes on the high energy side of the fundamental mode as shown in Fig. 2͑b͒ . As the aperture diameter is reduced to 9 m, as shown in Fig. 2͑c͒ , the high resolution measurement reveals a smaller number of higher transverse modes. In addition, the splitting between the modes is increased in comparison to the 15.7 m aperture. The quality factor Q of the cavity can be determined from the linewidth of the fundamental mode at transparency yielding a value of 4500. A further reduction of the aperture diameter to an elliptically shaped 2 ϫ 5.7 m 2 aperture displays the general indication that the number of transverse modes are further decreased. A trend is observed with reduced aperture diameter. The number of transverse modes is decreased and the mode splitting between the fundamental mode and higher order modes is enhanced. In fact, these two effects are known from micropillar lasers for different pillar diameters as it was shown in Refs. 17 and 18. We did not observe an obvious mode splitting from the laser with the elliptically shaped aperture as one would expect, 19 which might be due to increased scattering losses 20 affecting the mode component associated with the minor axis of the elliptically shaped oxide aperture. On the other hand, the absence of mode splitting could also be attributed to an asymmetric current flow due to the misoriented substrate. 21 Therefore, we expect the mode spacing to be dominated by the large axis of the oxide aperture of VCSEL 3. In comparison, another device with a circular shaped 2.4 m aperture showed a distinct enlarged mode spacing compared to VCSEL 3 ͑data not shown here͒.
The input-output characteristics of the three devices are given in Fig. 3͑a͒ . While lasing action was observed for VC-SEL 1 and 3 at room temperature, VCSEL 2 showed lasing up to 200 K, which might be due to imperfections in the laser fabrication process. As the current density is continuously increased from 1 ϫ 10 −4 to around 10 A / cm 2 in Fig. 3͑a͒ , the integrated intensity over all modes increases linearly. The further increase in current density results in a superlinear increase in integrated intensity whose position we identify as J th of our laser. Finally, even higher current densities result in saturation of output power. The error bars for the integrated 2 is a strong hint on lasing. Additionally, we want to point out the extremely high count rates easily exceeding 5 ϫ 10 10 counts/ s for VCSEL 1. The data for the VCSEL 2 and 3 are both offset by a factor.͑b͒ The linewidth of the fundamental mode with increasing current density is shown here for two devices.
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intensity do not appear in the diagram as they are in the range of Ϯ5%. While the aperture diameter is reduced to 9 m, J th is increased to around 32 A / cm 2 and the maximum output power decreases. This can be explained due to the fact that the number of QDs, which match optically and spatially to the mode is reduced and underlies the probability to be under the electrically pumped area. For VCSEL 3, J th further increases to around 200 A / cm 2 and the obtained optical output power is obviously much smaller. This is due to the smaller active volume. At the current stage of development, we estimate the overall efficiency of VCSEL 1 to be below 1%.
Another strong indication of lasing is the linewidth sharpening by increasing current injection. 22 For this purpose we investigated the linewidth of VCSEL 2 at 200 K and VCSEL 3 at room temperature as shown in Fig. 3͑b͒ . As the mode spacing is very small for VCSEL 1, we could not extract the linewidth behavior as a function of current density in this case. By increasing current density to 200 A / cm 2 , the linewidth stays nearly constant within the error bars for the smallest aperture. A further increase in pump power results in a linear decrease of the spectral linewidth. This linewidth narrowing agrees well with the nonlinear intensity increase of VCSEL 2 and 3 given in Fig. 3͑a͒ . The further spectral linewidth narrowing can be understood as a consequence of a rising coherence inside the laser cavity. 23 An increase of the current density above 310 A / cm 2 results in spectral linewidth narrowing down to 0.34 meV. If the injection current is further increased, the linewidth starts to broaden again due to current induced thermal effects. VCSEL 2 shows a similar spectral linewidth behavior being investigated at 200 K.
Finally, J th was evaluated out of Fig. 3͑a͒ for temperatures in a range from 100 to 290 K. The results are shown in Fig. 4 . It appears that the J th is nearly temperature independent which might originate from a broad gain contribution of the QD ensemble in general and besides from threedimensional carrier confinement as predicted. 6 Also, lowest J th values of around 10-30 A / cm 2 were observed. The increase in J th for reduced aperture diameters might be correlated with nonradiative losses and scattering losses. 20 In the end, we want to discuss the investigations we made concerning the number of QDs contributing to emission of coherent light. 5 ϫ 10 3 to 1 ϫ 10 5 QDs are lying spatially under the aperture opening while the number of QDs that match spectrally to the cavity resonance is between around 7 and 160. This is due to the large QD ensemble with its broad emission spectra of around 170 meV and cavity detuning being in a range of around 114 meV at 300 K. The surprising effect that such a small number of QDs can exhibit enough gain to lasing might be explained by nonresonant dot-cavity coupling mechanisms. 24, 25 In Ref. 25 , the authors showed in detail that two to four QDs in a photonic crystal cavity being optically pumped provide sufficient gain for lasing and they reason that with cooperation from the surrounding nonresonant QDs emission into the lasing mode becomes feasible. In this case, a perfect spectral dot-cavity alignment is not essentially needed but a reduced detuning might help to improve the performance of future devices.
In this letter, we demonstrated lasing of red InP/ ͑Al 0.20 Ga 0.80 ͒ 0.51 In 0.49 P QD VCSEL which have been electrically pumped. Mode behavior, input/output characteristics and spectral linewidth formation above threshold have been investigated. Finally, the temperature dependence of the J th was investigated. Hardly any comparable values like the threshold current density of 10 A / cm 2 can be found in literature in this material system. FIG. 4 . ͑Color online͒ J th of VCSEL 1, 2 and 3 as a function of temperature. The measurement of our three devices shows that J th is nearly constant over the investigated temperature range.
